Introduction
Silicon is one of the most commonly used substrate materials in the microelectronics and optoelectronics industry due to its excellent semiconducting properties. Facecentered cubic (fcc) films deposited on silicon substrates are widely used as metallic contacts at the micro-and macroscales. [1] [2] [3] Depending on the particular application, the thinfilm system can range from very soft to ultra hard in comparison with the silicon substrate. The mechanical properties of thin-film materials are typically very different from those of the corresponding bulk materials. 4, 5) As a result, accurate methods are required for their characterisation. The hardness and Young's modulus properties of thin-film systems are commonly evaluated using a nanoindentation technique, in which an indenter is driven to a predetermined depth within the system, held at this depth for a given period of time, and then withdrawn at a steady rate. 6, 7) The loading curve obtained during the nanoindentation process often exhibits a discontinuity referred to as a ''popin'' event, 8) while the unloading curve sometimes contains a discontinuity referred to as a ''pop-out'' event. 9) Generally speaking, both events are indicative of a change in the phase transformation mechanism under the corresponding indentation load.
Previous studies have examined the microstructural transformation within the nanoindentation zone of thin-film systems by means of Raman spectroscopy, 10) scanning/ atomic force microscopy, 11) and transmission electron microscopy (TEM) using either plane-view 12) or cross-sectional 13) specimens. In general, the results have shown that the plastic deformation and phase transformation induced during the nanoindentation of thin films are temperature dependent. Furthermore, it has been shown that the indented microstructure of an as-deposited specimen can be modified via annealing at a suitable temperature. 14, 15) Furthermore, for thin films deposited on a silicon substrate, various types of silicide are commonly formed at the film/substrate interface during subsequent annealing. 16) Therefore, in developing thin film systems for device applications, a thorough understanding of the nanoindentation behaviour and microstructural evolution of thin film structures during nanoindentation and annealing is required.
Amongst all the face-centred cubic (fcc) materials, e.g., silver (Ag), gold (Au), nickel (Ni), and so on, Ag is one of the most commonly used for the coating of silicon substrates in the fabrication of electronic devices due to its low cost and excellent electronic, physical and chemical properties. 17, 18) As a result, the fundamental properties of Ag/Si systems and the nanoindentation response and microstructural evolution of Ag/Si thin films have attracted increasing attention in recent years. Furthermore, various physical and chemical bonding methods have been proposed for fabricating Ag/Si systems with coherent layers. [19] [20] [21] [22] Although the nanoindentation properties of Ag/Si thin films and the characteristics of Ag/Si silicides compound have been studied, 16, 23) the combined effects of nanoindentation deformation and annealing on the microstructural evolution and the formation of silicides phase of Ag/Si thin films are not yet fully understood. Accordingly, this study uses a nanoindentation technique to examine the nano-mechanical properties of asdeposited Ag/Si thin films indented to a depth of 800 nm. The effects of the annealing temperature on the microstructural evolution and formation of Ag 2 Si silicide phase within the nanoindented specimens are then examined using transmission electron microscopy (TEM) and X-ray Diffractometer (XRD).
Experimental Procedure
Polycrystalline Ag films with a thickness of 500 nm were deposited on Si (100) wafers. Prior to the deposition process, the wafers were cleaned in a 4 : 1 solution of sulfuric acid and hydrogen peroxide. The Ag films were deposited using a thermal evaporation technique under high vacuum conditions (1:3 Â 10 À4 Pa). During the deposition process, the substrate was maintained at a temperature of 150 C in order to enhance the evaporation process and improve the uniformity of the Ag film. The thickness of the Ag film was monitored continuously throughout the deposition process using a quartzcrystal microbalance and was verified via X-ray reflectometry once the fabrication process was complete.
The nanoindentation tests were performed at room temperature using an MTS Nano Indenter-XP system with a Berkovich diamond pyramid tip. The specimens were indented to a maximum depth of 800 nm using the indenter system set in a depth-control mode. The indentation procedure involved the following steps: (1) loading to the maximum indentation depth at a constant rate of 0.2 mN/s, (2) holding at this depth for 10 s, and (3) smoothly unloading over a period of 30 s. The hardness and Young's modulus of the as-deposited Ag/Si thin film were then calculated from the loading-unloading curve using the Oliver and Pharr method. 6) Following the nanoindentation tests, selected specimens were annealed at temperatures of 600 C, 700 C or 800 C for 2 min in a rapid thermal annealing (RTA) furnace. During the annealing process, purified nitrogen gas (99.999%) was flowed through the furnace at a flow rate of 31 min À1 . The heating rate of the RTA furnace was maintained at 200 C s À1 , the cooling rate was approximately 5 C s À1 , and the recorded temperature measurements were accurate to AE5 C. Thin foil specimens for TEM observations were prepared from the as-deposited and annealed samples using an FEI Nova 200 focused ion beam (FIB) system with an operating voltage of 30 keV. During the preparation process, the FIB chamber was maintained at a constant pressure of 1:3 Â 10 À4 $1:3 Â 10 À5 Pa using a hybrid pumping system comprising a mechanical pump and an oil diffusion pump. The TEM foils were milled from the thin-film specimens using a Ga þ ion beam and were extracted in such a way that they contained the centre of the indentation zone. (Note that before the foils were removed, a thin Pt film (thickness: 1 mm) was deposited on the specimen surface to protect the indentation region from accidental damage by the ion beam.)
The TEM specimens were placed on a copper net using a vitreous needle and were held in place via van der Waals forces. The copper net was placed in the TEM chamber and the microstructure of the indentation region was observed using a Philips Tecnai F30 electron microscope. During the observation process, the pressure in the TEM chamber was maintained at a constant 1:3 Â 10 À6 $1:3 Â 10 À8 Pa by means of an ion pump, a turbo pump, a rotation pump and an oil diffusion pump. The chemical compounds observed at various positions of the as-deposited and annealed samples were identified using an EDAX energy dispersive X-ray spectrometer. Finally, the nature of the Ag silicide phase formed within the indented zone under each annealing temperature is identified using a computer-controlled X-ray Diffraction system (PW 3040/60).
Results and Discussion

Loading-unloading curve
Figure 1(a) shows the loading-unloading curve of the asdeposited Ag/Si thin film. It can be seen that the loading part of the curve is continuous and smooth without any pop-in event. For indentation depths of less than 50 nm, the indenter tip is fully enclosed within the Ag film. The film has a low hardness and is easily deformed, and thus the load is very small and remains virtually constant. However as the indentation depth is increased, the indenter penetrates through the Ag layer and enters the underlying, harder Si substrate. As a result, the load increases rapidly toward a maximum value of 28.5 mN at the maximum indentation depth of 800 nm. This value is less than the critical load of 30 mN associated with the pop-out event for hard Si substrates. 24) As a result, the unloading portion of the curve in Fig. 1(a) has a smooth gradient. The almost vertical slope of the unloading curve indicates that the plastic deformation which occurs during the loading process is followed by a very weak elastic return in the unloading step. Moreover, the presence of a slight elbow feature in the final portion of the unloading curve suggests that the silicon substrate transforms from a diamond cubic like structure to an amorphous structure in the indentation affected zone. (Note that this inference is consistent with the findings presented 9, 25) for silicon subjected to indentation loading). Furthermore, the inference is also supported by the evidence provided by Raman spectroscopy of the phase transformation within residual indents. 9, 26, 27) 3.2 Hardness and Young's modulus curves Figure 1(b) shows the variation of the hardness of the asdeposited Ag/Si thin film with the nanoindentation depth. During the initial indentation stage (i.e., nanoindentation depths of less than 50 nm), the hardness oscillates between 0.4 GPa and 1.4 GPa. The oscillation in the hardness value is caused by the indentation size effect 28) and a poorlycalibrated tip area function. 29) At indentation depths greater than 50 nm, the indenter penetrates more deeply into the Ag layer, and the hardness increases rapidly to a value of approximately 1.5 GPa at an indentation depth of 100 nm. Thereafter, the hardness increases slightly to a value of approximately 1.6 GPa and remains approximately constant until an indentation depth of around 600 nm. As the indentation depth is increased beyond this point, the hardness increases linearly as a result of the substrate effect. At the maximum indentation depth of 800 nm, the hardness has a value of approximately 2.1 GPa. The measured hardness value of 1.6 GPa at an indentation depth of 500 nm is in good agreement with the value of 1:57$1:63 GPa reported 30) for Ag films with thicknesses of 500$1000 nm deposited on Si substrates. Furthermore, it is noted that the hardness value of 1.6 GPa measured at indentation depths of 100$600 nm is higher than that of bulk silver single crystal (0:42 AE 0:03 GPa), 31) but lower than that of an uncoated Si (100) substrate (12.8 GPa). 32) Figure 1(c) shows the variation of the Young's modulus of the as-deposited Ag/Si thin film with the nanoindentation depth. For indentation depths of less than 10 nm, the Young's modulus has a value of approximately 20 GPa. However, as the indenter penetrates more deeply into the Ag film, the Young's modulus decreases to a value of around 10 GPa. As with the hardness results presented in Fig. 1(b) , the variation of the Young's modulus at very low indentation depths is caused by the indentation size effect and a poorly-calibrated tip area function. As the indentation depth is increased beyond 50 nm, the Young's modulus increases rapidly to a value of around 110 GPa at an indentation depth of 100 nm and then increases more slowly toward a maximum value of 158 GPa at the maximum indentation depth of 800 nm. It is noted that the value of 158 GPa is lower than that of an uncoated Si (100) substrate (i.e., 169.0 GPa) 32) due to the presence of the Ag layer. However, the Young's modulus of the Ag/Si system is significantly higher than that of (100) oriented bulk Ag single crystal (i.e., E 100 ¼ 124 GPa) 33) as a result of the substrate effect. Figure 2 (a) presents a TEM micrograph of the as-deposited Ag/Si thin film prior to indentation. A well-defined boundary is observed between the Ag film and the Si substrate. As shown in the selected area diffraction (SAD) patterns in the upper-right and lower-right corners of Fig. 2(a) , the Ag thin film (B) has a polycrystalline structure while the silicon substrate (A) has a single crystal structure. The EDX analysis results for the Ag thin film and silicon substrate are presented in Figs. 2(b) and 2(c) , respectively. Figure 3 (a) presents a cross-sectional TEM micrograph of the as-deposited Ag/Si specimen indented to 800 nm. The insets in the lower-right and upper-right corners of the figure show the TEM diffraction patterns of regions A and B, respectively. The results show that the silicon substrate has a diamond cubic structure while the indentation affected zone comprises amorphous phase. Figure 3(b) shows a highresolution TEM micrograph of the silicon substrate. Similarly, Fig. 3(c) presents a high-resolution TEM micrograph of the indentation affected zone. As discussed in Section 3.1, the change from a diamond cubic structure to fullyamorphous phase in the indentation affected zone is thought to account for the elbow feature observed in the final portion of the unloading curve obtained in the nanoindentation test. The EDX analysis results for the indentation affected zone are presented in Fig. 3(d) . Figure 4 (a) presents a cross-sectional TEM micrograph of the indented Ag/Si specimen annealed at a temperature of 600 C. The insets in the lower-left and upper-right corners of the figure show the TEM diffraction patterns of the silicon substrate (A) and indentation affected zone (B), respectively. Figure 4(b) shows that the silicon substrate retains a diamond cubic structure following the annealing process. However, as shown in Fig. 4(c) , the annealing temperature causes the microstructure in the indentation affected zone to change from a fully-amorphous state to a mixed amorphous/nanocrystalline state. not form at lower annealing temperature of 600 C, implying that the diffusion activity between Ag atoms and silicon substrate is in sufficient. Figure 5 (a) presents a TEM micrograph of the indented Ag/Si specimen annealed at 700 C. In contrast to the asdeposited indented specimens and the specimens annealed at temperature of 600 C, the current specimen contains Ag 2 Si silicide phase in the indentation affected zone. The highmagnification TEM micrograph presented in Fig. 5(b) shows that the silicon substrate retains a diamond cubic structure. However, the elevated annealing temperature causes the reconstruction of Si either the Si atom diffuse into the Ag layer or diffusion of Ag into the Si layer to form silver silicide compounds. Thus, as shown in Fig. 5(c) , corresponding to region C in Fig. 5(a) , the indentation affected zone contains Ag 2 Si silicide phase with a crystalline structure. Note that Ag 2 Si silicide phase has an orthorhombic structure, with lattice parameters a ¼ 0:566 nm, b ¼ 0:916 nm, c ¼ 0:849 nm. 34) In addition, it can be seen that the matrix microstructure around the Ag 2 Si silicide phase contains a mixture of amorphous phase and nanocrystalline phase. The EDX analysis results for the indentation affected zone are presented in Fig. 5(d) . The XRD measurement within the indentation affected zone confirms the presence of silicide compound and their crystallinity. The XRD spectra of the asdeposited indented specimen and the indented specimens annealed at temperatures of 600 C, 700 C, and 800 C are shown in Fig. 5(e Figure 6 (a) presents a TEM micrograph of the indented Ag/Si specimen annealed at a temperature of 800 C. Figure 6(b) shows that the silicon substrate (indicated by the white square A in Fig. 6(a) ) still has a diamond cubic structure. However, Figs. 6(c) and 6(d), corresponding to regions B and C in Fig. 6(a) , respectively, show that the indentation affected zone contains a mixture of amorphous phase, nanocrystalline phase and Ag 2 Si silicide phase. It is emphasized that in Fig. 6(a) , the region of Si substrate (labeled A) and the regions of Ag 2 Si silicide phase (labeled B and C) have the same distance from the silver layer. The peak of silver silicide becomes significantly stronger and sharper with increasing of annealing temperature as shown in Fig. 5(e) . The intensity of the Ag 2 Si silicide phase increases with increasing the annealing temperature due to the greater diffusion ability of the Ag atoms. As a result, the indentation affected zone contains a greater amount of Ag 2 Si silicide phase than that in the specimen annealed at a lower temperature of 700 C. The increased presence of Ag 2 Si silicide phase within the indentaion affected zone can be attributed to the stronger diffusion effect induced by the higher temperature. The annealing processes and diffusion activity can be explained by the classical Arrhenius equation. 36) The diffusion activity and diffusion reaction rate of the Ag atoms into the Si substrate both increase with increasing annealing temperature. The present study has shown that the formation of Ag 2 Si silicide phase can also be induced by nanoindenting the Ag-Si system and then annealing the indented microstructure at a temperature of 700 C (or above). This phenomenon can be explained by the fact that nanoindentation causes a significant distortion of the lattice structure within the indented zone. During annealing,
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(e) Fig. 6 (a) Bright field TEM micrograph of indented specimen annealed at 800 C for 2 min; (b) high-magnification micrograph of Si substrate; (c) high-magnification micrograph of region B in Fig. 6(a) ; (d) high-magnification micrograph of region C in Fig. 6(a) ; (e) EDX analysis results for eutectic phase within indentation affected zone.
the distorted crystalline structure results in an increased number of diffusion paths between the Ag layer and the Si substrate. Consequently, the diffusivity of the Ag atoms is enhanced, and crystallisation of Ag 2 Si silicide phase occurs.
Conclusion
The effect of the annealing temperature (600 C$800 C) on the formation of Ag-Si eutectic phase in the indentation affected zone of Ag/Si thin-film systems has been examined. The results have shown that in the as-deposited specimen, the indentation process results in a phase transformation from a diamond cubic structure to fully-amorphous phase. Moreover, it has been shown that the hardness and Young's modulus of the as-deposited Ag/Si system are equal to 2.1 GPa and 158 GPa, respectively, at the maximum indentation depth of 800 nm. The TEM observations have revealed that the annealing process induces a significant microstructural change within the indentation affected zone. For all three annealing temperatures, i.e., 600 C, 700 C and 800 C, the microstructure within the indentation zone is characterised by a mixed amorphous phase/nanocrystalline structure. In addition, for the specimens annealed at a temperature of 700 C or more, the indentation zone also contains Ag 2 Si silicide phase. The intensity of the Ag 2 Si silicide phase increases with an increasing annealing temperature due to the greater diffusivity of the Ag atoms into the silicon substrate. Thus, the amount of Ag 2 Si silicide phase increases with an increasing annealing temperature.
